A new phenomenon, electric field enhanced adsorption and diffusion of lithium, magnesium and aluminum ions in a MoS 2 monolayer, was investigated using density functional theory in this study. With the electric field increased from 0 to 0.8 V/Å, the adsorption energies of the Li, Mg and Al atoms in the MoS 2 monolayer were decreased from -2.01 to -2.49 eV, from -0.80 to -1.28 eV, and -2.71 to -3.01 eV, respectively. The corresponding diffusion barriers were simultaneously decreased from 0.23 to 0.08 eV, from 0.15 to 0.10 eV, and 0.24 to 0.21 eV for the Li, Mg and Al ions, respectively. We concluded that the external electric field can increase the charging speed of rechargeable ion batteries based on the MoS 2 anode materials.
Introduction
Layered structural materials are convenient for intercalation/deintercalation of metal ions, thus can be used as the appropriate materials for rechargeable ion batteries [1] [2] [3] [4] . Among them, graphite is the key anode material for the commercial lithium ion batteries (LIBs) with an energy capacity of 372 mAhg -1 [5] . The electrochemical performance of the LIBs can be improved by reducing the size of electrode materials [6] [7] [8] . Reducing the thickness of the graphite can significantly improve its energy capacity, and a mono-layer of graphene has much higher energy capacities of 600-1000 mAh/g [9, 10] . Other types of monolayer materials such as molybdenum disulfide (MoS 2 ) [11] , V 2 O 5 [12] , and transition-metal nitride [13] have also received much attention to be used as the electrode materials for the LIBs. Recently, MoS 2 with a graphite-like layered structure has been explored as a new generation of renewable energy related materials, used as catalysts for dissociation of H 2 O [14] , catalysts for hydrogen evolution reaction [15] , and anode materials for the rechargeable ion batteries [16] [17] [18] . Monolayer of the MoS 2 has been synthesized using various methods, such as scotch tape based micromechanical exfoliation [19, 20] , molybdenum oxide sulfurization [21, 22] , and physical vapor deposition [23] . Furthermore, MoS 2 /graphene nanocomposites have been used as an anode for the LIBs and the device exhibited a high specific capacity of 1225-1400 mAh/g [24, 25] . After 200 repeated chargedischarge cycles, it still maintained a high value of 1351 mA h/g [26] .
Currently the energy density and cycle life of the LIBs cannot meet the critical requirement of electric vehicles and renewable energy storage, also the resource of lithium is insufficient for future use. Therefore, it is essential to search and develop new types of transporting ions which are cheaper and environmentally friendly for the rechargeable ion batteries with large energy/power densities. Sodium and magnesium are abundant on the earth, which could provide 3 solutions as the new types of rechargeable ion batteries with a low cost and safe energy storage [27, 28] . Experimental and theoretical work has already been performed to apply the MoS 2 nanolayers as the anode materials for the LIBs, sodium ion batteries and magnesium ion batteries [29] [30] [31] [32] [33] [34] [35] [36] .
Practically, an ideal anode material should have a low diffusion barrier for the transporting ions in order to achieve a fast charging rate. At the same time, the anode materials should have a large exothermic reaction energy for the transporting ions in order to achieve a large storage capacity [37] . The diffusion barriers for the Li and Na in a monolayer of MoS 2 calculated using density function theory (DFT) are 0.24 [38] and 0.68 eV [34] , respectively, and the Li mobility can be enhanced using the MoS 2 nanoribbons by reducing the dimensions [39] . Defects including single-and few-atom vacancies, antisite, and grain boundary are inevitable, thus the effects of defects on the electronic properties of the MoS 2 have been investigated [40, 41] . A recent study showed that these defects can enhance the exothermic reaction of Li adsorption in the MoS 2 monolayer [42] .
It is well-known that the external electric field can be used to modify the physical properties of nanomaterials such as SiC nanotubes [43] , MoS 2 monolayers [44] and nanoribbons [45] .
Application of the electrical field into the nano-materials is practically achievable because of its easily controllable direction and intensity. For example, the adsorption of gas molecules on a monolayer MoS 2 has been investigated by considering the external electric field [46] . In this work, we investigated the effects of an external electric field on adsorption and diffusion of 
SIMULATION DETAILS
Adsorption and diffusion of the transporting ions in the MoS 2 monolayer were calculated using DFT code of SIESTA [47] , in which the core electrons and valence electrons were described using nonlocal norm-conserving pseudo-potentials and a linear combination of numerical pseudo-atomic orbitals [48] . The valence electron wave functions were expanded using double-ζ basis set plus polarization functions. The generalized gradient approximation (GGA) [49] was used to describe the electron exchange-correlation functional. An energy mesh cutoff of 200 Ry was used for the self-consistent Hamiltonian matrix elements when the charge density was projected on a real space grid.
For the MoS 2 monolayer, a 5×5 hexagonal supercell model containing 50 S atoms and 25 Mo atoms plus one Li/Mg/Al ion was used for all the simulations. In order to avoid the periodic image interactions between the MoS 2 monolayers, the distance between the two adjacent layers was kept as 25 Å. A special k-point sampling with 3×3×1 k-grid was performed for the Brillouin zone integration of the Monkhorst-Pack scheme [50] . As mentioned before, Li, Mg and Al elements were investigated as the transporting ions for the rechargeable ion batteries.
The adsorption energy (E ads ) which indicates the interactions between transporting ions and
MoS 2 monolayer was calculated using equation (2) . The adsorption and diffusion behaviors were investigated under an external electric field, which was applied in the direction perpendicular to the MoS 2 monolayer as shown in Fig. 1(b) , and the electric field intensity was set from 0.0 V/Å to 0.8 V/Å with its step increment set as 0.1 V/Å. Our tests have shown that the direction of electrical field perpendicular to the MoS 2 monolayer has more significant effect on the reduction of energies barriers than the other directions. The electric field was featured as an additional saw-tooth potential profile perpendicular to the monolayer MoS 2 as described in Reference [51] .
RESULTS AND DISCUSSION
Adsorption of atoms on the MoS 2 monolayer has been studied in literature [39, 52] . by the reversible capacity and operating voltage, which are determined by the chemistry of the electrode material, i.e., its effective redox couples and maximum lithium concentrations [55] .
The large exothermic reaction energy between the Li, Mg and Al and MoS 2 monolayer indicates that the anode materials have a large energy storage capacity.
Several methods, including Nudged Elastic Band (NEB) method, dimer method, and constrained method, can be used to determine the diffusion barriers of the condensed matters [56] . The constrained method is the simplest but also the most intuitive one among the different methods. As the NEB method has not been included into the main SIESTA code, in this study the diffusion barriers were calculated using a constrained method in the present work, in which the ions were constrained in the direction along the diffusion path, whereas it is allowed to relax in the direction perpendicular to the diffusion path. The diffusion path for the Li, Mg and Al atoms in the MoS 2 monolayer is from a T site to another nearest T site by passing through the metastable H site [38] as shown in Fig. 3 The diffusion coefficient varies exponentially with the diffusion barrier following an Arrhenius-like formula [58] :
, where E A is the diffusion barrier, k B the Boltzmann constant and T the temperature. Therefore, the reduction of energy barrier of 0.06 eV could change the ion mobility by a factor of ~10 at room temperature. The decreases of energy barriers for the Mg and Al ions are smaller than that for Li ion. Therefore, the effect of electric field is much more effective for the LIBs. The diffusion coefficient of the Li can be improved 10 and 100 times by applying 0.3 and 0.6 V/Å, respectively.
Previous study showed that the van der Waals (vdW) interactions have a significant impact on both binding energies of metal and hydrogen on graphene [59] . The vdW interactions can 8 stabilize the inserted ions and hinder ion diffusion in a layered V 2 O 5 [60] . To assess the role of vdW interactions in the diffusion on the MoS 2 with an electrical field, we also considered the vdW interactions proposed by Dion et al. [61] . Adsorption energies and diffusion barriers are two important parameters to characterize the electrochemical performance of the anode materials. Large negative values of the adsorption energies indicate that the anode materials have a large energy storage capacity [37] . Small values of the diffusion barriers indicate that the anode can be charged with a fast charging rate. It was reported that certain defects formed in materials of graphene [37, [62] [63] [64] [65] and silicone [66] can enhance the adsorption of lithium in these materials. Although the diffusion barriers of lithium from pristine to the defects site in the MoS 2 monolayer have been reduced, the reverse diffusion barriers have actually been increased. Because the defects are the trapping centers for the lithium atoms, therefore, if these lithium atoms have been adsorbed into these sites, they could not participate in the following electrochemical process. 9 Our simulation results clearly showed that the external electric field can enhance the adsorption of the Li, Mg and Al atoms onto the MoS 2 monolayer, and simultaneously decrease the diffusion barrier. Based on the simulation results, we proposed a new structure of charging process for the rechargeable ion batteries as schematically shown in Fig. 6 . The charging process is same with that of a conventional charger, except for the additional power supply enclosed by the dotted line as shown in Fig. 6 , which can provide an electrical field on the anode material after switched on. The batteries behave as a conventional battery when switched off. When the batteries are charged, the electric field can be applied to the anode materials. As the electric field can enhance the exothermic reactions between the transporting ions and anode materials, the larger the electric field is, the more exothermic reactions occur. Also the diffusion barriers can be decreased by the presence of the electric field, thus the setup can be used to accelerate the charging process. The batteries function as a normal unit to supply the output power if the external electrical filed is switched off. It should be notified that the above results of enhancement of adsorption and diffusion by external electrical field were obtained from the analysis based on a monolayer of MoS 2 . As the Li is sited above ~2 Å above the monolayer, the interlayer distance should be larger than 4.0 Å as shown in Fig. 6 , in order to make the electrical field more effective.
From the above results, an external electric field can enhance the adsorption and diffusion of the Li/Mg/Al ions in the MoS 2 monolayer based on the DFT analysis, which provides a novel route for the fast charging process. As the Li/Mg/Al atoms are adsorbed on the MoS 2 , charge transfer from the atoms to the MoS 2 occurs [42, 67] . The amount of charge transferred from the atoms will increase with the increase of strength of the electric field, and the difference in the charge transfer at the different sites will decrease with increasing strength of the electric field. 10 Therefore, the adsorption will be enhanced and the diffusion energy barriers will be decreased with increasing the electric field. The enhancement mechanisms of the adsorption and diffusion can also be used in other anode materials, such as graphene, carbon nanotubes and black phosphorus.
CONCLUSION
In conclusion, the adsorption and diffusion behaviors of the Li, Mg and Al atoms on MoS 2 monolayer with an external electric field were investigated using the DFT method. The electric field enhanced the exothermic reaction between the monolayer MoS 2 and atoms. Meanwhile, the diffusion barriers were decreased after applying the electric field. The results suggest that the electric field can be used to realize a fast charging process of rechargeable ion batteries. 
